Adult cardiomyocytes have highly organized intracellular structure and energy metabolism whose formation during postnatal development is still largely unclear. Our previous results together with the data from the literature suggest that cytoskeletal proteins, particularly βII-tubulin, are involved in the formation of complexes between mitochondria and energy consumption sites. The aim of this study was to examine the arrangement of intracellular architecture parallel to the alterations in regulation of mitochondrial respiration in rat cardiomyocytes during postnatal development, from 1 day to 6 months. Respirometric measurements were performed to study the developmental alterations of mitochondrial function. Changes in the mitochondrial arrangement and cytoarchitecture of βII-and αIV-tubulin were examined by confocal microscopy. Our results show that functional maturation of oxidative phosphorylation in mitochondria is completed much earlier than efficient feedback regulation is established between mitochondria and ATPases via creatine kinase system. These changes are accompanied by significant remodeling of regular intermyofibrillar mitochondrial arrays aligned along the bundles of βII-tubulin. Additionally, we demonstrate that formation of regular arrangement of mitochondria is not sufficient per se to provide adult-like efficiency in metabolic feed-back regulation, but organized tubulin networks and reduction in mitochondrial outer membrane permeability for ADP are necessary as well. In conclusion, cardiomyocytes in rat heart become mature on the level of intracellular architecture and energy metabolism at the age of 3 months.
Introduction
Adult cardiac cells display highly organized intracellular structure and energy metabolism [1] . Mitochondria are arranged in "crystallike" order between myofibrillar lattice [2, 3] and form close structural and functional contacts with the major ATP consumption sites in cytosol, e.g. myofibrils, sarcoplasmic reticulum and sarcolemma [4] [5] [6] .
These tightly coupled complexes of mitochondria and ATPases are known as intracellular energy units (ICEU) and represent the basic organization pattern of energy metabolism in cardiomyocytes [4, 5, 7] . Metabolic feedback within ICEU is realized via phosphoryl transfer pathways, e.g. creatine kinase (CK), adenylate kinase (AK), direct ATP/ ADP channeling [4] [5] [6] 8, 9] . The major phosphoryl carrier between mitochondria and ATPases in cardiomyocytes is creatine (Cr), which is channeling energy between compartmentalized isoenzymes of cytosolic CK (MM-CK) and mitochondrial CK (MtCK) [10] . Several previous studies have evidenced that the arrangement of mitochondria is crucial in regulation of MOM permeability for adenine nucleotides [11, 12] . For example, myofibrillar disorganization, looser packing of mitochondria with myofibrils and SR in the muscle LIM (MLP)-null mouse heart evidenced increased accessibility of exogenous ADP to mitochondria with nearly 1.3 fold increase in the affinity of mitochondrial respiration for ADP (K lacking the cytoskeletal protein desmin. Therefore, perturbation of cardiac cytoarchitecture may impair direct energy transfer between mitochondria and SR [13] .
Also, studies with HL-1 cells (i.e. atrial cardiomyocyte tumor lineage) demonstrate that less organized intracellular structure and mitochondrial distribution entail marked increase in the value of apparent K m for mitochondrial respiration (K app m ADP =~50 μΜ), in contrast to 7-fold higher value in adult isolated cardiomyocytes (~360 μΜ) [12] .
It has been proposed that high K app m ADP in adult isolated cardiomyocytes is a result of crowded intracellular environment. However, the notion that the low affinity of mitochondrial respiration for ADP is a cell type specific phenomenon, that is characteristic to highly oxidative tissues, strongly argues against this assumption and indicates that some specific cytosolic protein is involved instead. Due to the presence of mitochondrial-cytoskeleton interactions in intact permeabilized cardiac cells, the apparent K m for exogenous ADP in regulation of mitochondrial respiration K app m ADP is over 10 folds higher in permeabilized cardiac cell (K app m ADP = 360 μM) than in isolated cardiac mitochondria (K app m ADP = 18 μM), where these interactions are lost during isolation of mitochondria [12, 14] . Similarly, the apparent K app m ADP is decreased several folds when interactions between mitochondria and cytoskeleton are disrupted by mild trypsin treatment [11, 15] . In addition, these studies have shown that if MOM is more readily permeable to ADP (i.e. isolated mitochondria, trypsin treated cardiac cells), then Cr is unable to maintain maximal respiration rate in the presence of pyruvate kinase and phosphoenolpyruvate system (PK/PEP) and almost 50% decline in respiration rate is observed [15, 16] . Thus, limited permeability of MOM for ADP appears to be necessary for enhancing coupling between MtCK reaction and oxidative phosphorylation (OXPHOS) and serves to maintain constant cycling of ATP/ADP within mitochondria [10] . It is proposed, that regulation of the mitochondrial respiration by Cr is accomplished via cooperatively functioning proteins, i.e. ATP synthasome, MtCK, voltage dependent anion channel (VDAC) and tubulin that form a supercomplex called Mitochondrial Interactosome (MI) [8, 10] . This supercomplex represents a key site for the control of mitochondrial respiration in adult cardiac cells [10, 16] .
We and others have previously found that mitochondrial functioning in cardiomyocytes are significantly influenced by the organization of cytoskeletal network that directs and anchors mitochondria to their subcellular target sites [4, 11, 12, 17] . Furthermore, recent experimental data suggest that apart from their role in positioning mitochondria, cytoskeletal protein tubulin may also directly participate in regulation of mitochondrial functional behavior by binding to VDAC and restricting its permeability to adenine nucleotides [18, 19] . Notably, tubulin is present in mitochondria isolated from a variety of cancerous and noncancerous cell types and associates, as shown by immunoprecipitation, with VDAC [20] . Moreover, recent in vitro electrophysiological experiments with VDAC have shown that nanomolar concentrations of heterodimeric tubulin evoke partial closure of a channel [19] . This discovery has received further proof in reconstitution experiments with isolated brain and heart mitochondria where nearly 30 fold rise in the value of K app m ADP (from 11 ± 2 μM up to 330 ± 47 μM) was registered upon addition of 1 μM tubulin by respirometry [19, 21] . In addition, increase in the content of free tubulin in cancer cells, by treatment with microtubule destabilizing agents such as colchicine and nocodazole, was found to result in depression of mitochondrial membrane potential, indicating that augmented levels of free tubulin may hamper metabolite exchange between mitochondria and cytosol [22] . Finally, recent immunocytochemical studies assessing the distribution of β-tubulin isoforms in adult cardiomyocytes identified βII-tubulin isoform localization in the vicinity of mitochondria suggesting that this isoform may be responsible for restricted permeability of MOM for ADP in cardiomyocytes [21, 23, 24] . Although the functional significance of βII-tubulin has been dissected somewhat in neurons, where it constitutes nearly 58% of total β-tubulin pool and is important for neurite formation and polarized organization of neurons, its role in cardiomyocytes is still totally unknown [25, 26] . Therefore, further data is needed to verify if it is involved in mitochondrial respiration regulation and contribution to the establishment of diffusion restrictions for adenine nucleotides during cardiac development.
In contrast to adult, neonatal cardiomyocytes have significantly less organized intracellular architecture and more glycolytic metabolic profile [27] [28] [29] . The neonatal heart utilizes glucose as main energy substrate and shifts rapidly after birth toward OXPHOS with free fatty acids (FFA) becoming the predominant source of energy. The role of glycolysis decreases parallel with the fine-tuning of OXPHOS capacity and by the time the heart reaches its full maturation nearly 90% of total cellular energy needs are covered by OXPHOS [29] . Reliance on glycolysis during early developmental stages stems mainly not only from lower energy demands, greater anaerobic glycolytic capacity and higher glycogen reserves of the developing heart but also from lower availability of oxygen [27, 29, 30] . Thus, cardiac metabolism changes in response to oxygen and substrate availability during development. Although the activities of different isoforms of glycolytic enzymes are altering during postnatal development, such as lactate dehydrogenase isoforms (LDH1, LDH2, LDH4 and LDH4), the total activity of the LDH remains the same. This shift in isoenzyme activity reflects the change from anaerobic to aerobic metabolism during maturation [31] . Since sufficient data is available in the literature about glycolysis during postnatal development it was not further dissected in the current study [29, 30, 32, 33] .
Continuous developmental maturation of energy metabolism occurs in the growing heart to meet increasing functional and metabolic demands. This remodeling is shaped by various extracellular signals such as hormones, Ca 2+ gradients and other extracellular signals [34] [35] [36] . For example, cardiomyocytes downregulate many regulatory and cytoskeletal components involved in cytokinesis after birth to uncouple cytokinesis from karyokinesis in cardiomyocytes and to cause binucleation of cardiomyocyte [37] . Previous studies have established that diffusion barriers for ADP are formed gradually during the first 6 postnatal weeks, as evidenced by the continuous rise in the value of K app m ADP [28] . Concurrently with the appearance of diffusion restrictions at the outer mitochondrial membrane maturation of the phosphotransfer system occurs. During the early embryonic stage MtCK expression is absent [38, 39] , but appears in minor amounts during the early postnatal period [31] and rises thereafter gradually until adulthood [28, 31] . Analysis of CK activity during rat heart postnatal growth in whole tissue and mitochondrial homogenate has shown that MtCK is a major contributor to enhanced CK activity [40] and is thus responsible for the compartmentation of adenine nucleotides in mitochondria. Developmental activation of MM-CK has been investigated in several studies [31, 41, 42] and it has been found that MM-CK capacity to support myofibrillar ATPases is almost maximal already at postnatal day 3 [43] .
During the maturation of cardiomyocytes, a number of changes occur parallel with the up regulation of MtCK: binding of MtCK to mitochondrial IMS, binding of MM-CK to myofibrils and compartmentalization of energy metabolites. Nevertheless, the available data on formation of ICEU and mechanisms responsible for the coupling of MtCK reaction with OXPHOS is still insufficient [28, 43] . For example, regular mitochondrial arrangement is established within 3 postnatal weeks both in mouse and rat heart, while the value of K app m ADP continues to decrease up to 6 postnatal weeks [28, 43] .
The aim of this work was to study the formation of organized energy metabolism (ICEU) and maturation of mitochondrial respiration in cardiomyocytes during postnatal development and to elucidate the putative involvement of βII-tubulin in this process. The present study on rat cardiomyocytes combines functional and structural investigations to elucidate how maturation of the energetic system is paralleled with the structural changes during postnatal development and whether these structural changes are connected to the functional alteration.
Materials and methods

Laboratory animals and chemicals
Wistar rats at different ages (from day 1 postnatal to 6 months and in some experiments up to about 2 years) were used in the experiments. The animals were studied in accord with the "Guide for the Care and Use of Laboratory Animals" published by the US National Institute of Health (NIH publication no. 85-23, revised 1996). Animal procedures were approved by the Estonian National Committee for Ethics in Animal Experimentation (Estonian Ministry of Agriculture). All chemicals used in this study were from Roche, Fluka and SigmaAldrich.
Preparation of cardiac skinned fibers
Wistar rats were anesthetized; blood was protected against coagulation by injection of heparin. Rats were decapitated and the heart was quickly excised and skinned permeabilized cardiac fibers were prepared according to a method described earlier [44] .
Isolation of cardiomyocytes
Calcium tolerant cardiomyocytes were isolated by perfusion with collagenase A (Roche) medium as described previously [14, 16] . Flow-rate, perfusion pressure and size of cannula of Langendorf system was reduced and adapted for neonatal and young hearts. Isolated cardiomyocytes contained 70-90% of rod-like shaped cells.
Measurements of oxygen consumption
All experimental measurements of oxygen consumption were determined by a high-resolution respirometry Oxygraph-2K (OROBOROS Instruments, Innsbruck, Austria) in Mitomed solution [44] supplemented with 5 mM glutamate and 2 mM malate as respiratory substrates and 5 mg/mL essential fatty acid-free BSA. The respiration medium contains 3 mM inorganic phosphate (Pi), 3 mM Mg
2+
, and saturating ADP concentrations are added to evaluate OXPHOS capacity (State 3). Measurements were carried out at 25°C and respiration rates were expressed in nmolO 2 ·min
. The permeabilization procedure for cardiomyocytes in all measurements of oxygen consumption was carried out directly in an oxygraph chamber with saponin (25 μg/mL) for 5 min before starting the measurements [44] . The intactness of mitochondrial membranes in isolated cardiomyocytes was validated by cytochrome c and carboxyatractyloside (CAT) tests for each experimental day [45] . Intactness of mitochondrial inner membrane (MIM) was checked with inhibiting adenine nucleotide carrier (ANT) by CAT. In cells with intact MIM the respiration rate decreased back to V 0 value. Only cells passing quality test were used in further experiments. In all presented data, the V 0 value was subtracted from the respiration rates. Activation of the mitochondrial respiration by the addition of exogenous cytochrome c did not exceed 10% of the maximal respiration rate (V max ). Respiratory control index (RCI) was measured in all observed ages.
Respiration kinetics for mitochondria was measured by adding ADP cumulatively and the maximum rates of respiration (V max ) and values for K app m ADP were calculated on the basis of the Michaelis-Menten equation.
Respiration rates for mitochondrial respiratory chain complexes were measured for the first time during postnatal development in cardiomyocytes by using a high-resolution respirometry Oxygraph-2K and method described earlier for isolated adult cardiomyocytes [44, 46, 47] . Mitochondrial respiration in cardiomyocytes was first activated by glutamate and malate as respiratory substrates via complex I (V 0 -basal respiration rate). Then the addition of ADP in saturating concentration (2 mM) activated mitochondrial respiration (V max , maximal ADP-stimulated respiration rate or state 3 respiration rate). Thereafter, complex I was inhibited by its specific inhibitor rotenone (2.5 μM), an inhibitor for complex I of the respiratory chain. The addition of succinate (10 mM) reactivates oxygen consumption due to the succinate oxidation through complex II (succinate oxidase activity). Activation of succinate oxidase was followed by the addition of antimycin A (10 μM), an inhibitor of complex III. Finally, the addition of 1 mM N,N,N′,N′-tetramethyl-pphenylenediamine (TMPD) and 5 mM ascorbate strongly activates the cytochrome c oxidase associated oxygen consumption rate. The addition of 1 mM sodium cyanide (NaCN) inhibits mitochondrial oxygen consumption. Respiration rate after addition of NaCN (nonmitochondrial consumption of O 2 ) was subtracted from TMPD respiration rate to correct for O 2 consumption associated with mitochondrial respiratory chain.
The functional maturation of the MtCK activity and CK energy transfer system in cardiomyocytes was measured experimentally at different postnatal ages by oxygraphic measurements in the presence of exogenous competitive enzyme system, consisting of 10 IU/ml of the pyruvate kinase (PK) and 5 mM of the phosphoenol pyruvate (PEP) [10] . In this experiment, at first, ATPases are activated by the addition of 2 mM ATP and thereby mitochondrial respiration is activated by ADP produced endogenously by ATPases. Thereafter, exogenously added PK-PEP system continuously traps all freely diffusing endogenously produced ADP. Afterwards, the MtCK and CK energy transfer system is activated by addition of 10 mM creatine [10, 16] . Under these conditions kinetics of respiration follows the kinetics of MtCK reaction [48] . PEP-PK system removes extramitochondrial ADP produced by intracellular ATP-consuming reactions and continuously regenerates extramitochondrial ATP. Endogenous intramitochondrial ADP produced by MtCK forms microcompartments within the IMS and is re-imported into the matrix via ANT due to its functional coupling with MtCK [48] .
Western blot analysis
Rat hearts were flash-frozen in liquid nitrogen and ground into fine powder with mortar and pestle. Soluble protein was extracted using Microtubule/Tubulin in vivo Assay Kit according to manufacturer's instructions (Cytoskeleton). Protein concentration was determined using the Pierce BCA Protein Kit (Thermo Scientific). Electrophoresis was performed on Mini Protean II from BioRad using tris-tricine buffer and 12% polyacrylamide gels. Proteins transfer was carried out for 1 h with 120 mA/membrane using PVDF membranes (Millipore) and semi-dry method [49] . Equal protein loading and transfer were verified by membrane staining with Ponceau solution (0.1% Ponceau S in 5% acetic acid) and additionally by total α-actin and total β-tubulin immunoblotting. However, since both aforementioned cytoskeletal proteins showed a tendency to decrease during the progression of heart development and were thus inadequate loading controls, Ponceau staining was taken as the most reliable indicator of an equal protein loading and transfer. All membranes were probed with Ponceau stain (see Fig. 1 in Supplemental material). The validity of Ponceau staining as a loading control and as an alternative to actin immunoblotting has been demonstrated elsewhere [50] . Total β-tubulin Western blotting was added aside from βII-tubulin and MtCK immunoblots as a loading control, although it also showed a tendency to decrease during development. Membranes were blocked for 1 h in 3% BSA/PBS for MtCK immunoblotting or in 1% skimmed milk/0.05% Tween-20 PBS solution, and probed with 1:250 anti-MtCK polyclonal antibody (Abcam, ab5596), 1:500 anti-β-tubulin polyclonal antibody (Abcam, ab6046) and 1:250 βII-tubulin monoclonal antibody (Abcam, ab28036). Immunoblots were detected by 1:45,000 anti-mouse or 1:1000 anti-rabbit secondary antibodies conjugated to peroxidase (IgG HRP; Abcam, ab97046 and ab6721-1, respectively) for 1 h at room temperature in the same buffers as the primary antibodies. Detection was conducted using a chemiluminescence kit (SuperSignal West Dura Extended Duration substrate).
Immunocytochemistry
Immunofluorescence staining of isolated rat cardiomyocytes or cardiac fibers was performed as previously described [23, 51] . For βII-tubulin immunolabeling fibers were used instead of cardiomyocytes due to their more homogenous immunostaining of βII-tubulin, presumably due to the importance of cell-to-cell contact and integrity of plasma membrane in cytoskeletal organization [52] . For VDAC immunolabeling fixed cells/fibers were treated before permeabilization with Antigen Retrieval Buffer (10 mM Tris, 5% urea, pH 9.5) at 95°C for 3 min. The following antibodies were used: mouse monoclonal antibody for βII-tubulin (Abcam, ab28036) at 1:250, rabbit monoclonal antibody for αIV-tubulin (Novus Biologicals, nb11057609) at 1:250, mouse monoclonal antibody for α-actinin (Abcam, ab82247) at 1:30, and rabbit polyclonal rabbit serum for VDAC (kindly provided Dr. Catherine Brenner, Université Paris-Sud, Paris, France) at 1:1000, DyLight 488 goat anti-rabbit IgG (Abcam, ab96899) at 1:250 and Dylight 549 goat anti-mouse IgG (Abcam, ab96880) at 1:250. Cells/fibers were mounted in ProLong® Gold Antifade Reagent with DAPI (Life Technologies), deposited on glass coverslips and observed by confocal microscope.
Image acquisition and processing
Fluorescence images were acquired by Zeiss LSM 510 confocal microscope (Carl Zeiss) equipped with a Plan-Apofluar 63×/1.3 glycerol objective and FluoView FV10i-W (Olympus) confocal microscope with 60×/1.2 water immersion objective. Laser excitation 489 nm was used for DyLight 488 with emission detected through a 505 to 530 nm band-pass filter; DyLight 549 was excited at 561 nm and detected through 575 to 615 nm band-pass filter. Processing of all confocal data sets was done with LSM Image Browser software and images were prepared for publication using Photoshop CS4 with no further modifications.
Statistical analysis
Results are expressed as the mean ± standard error of the mean (SEM). To determine statistical significance between age groups, analysis of ANOVA test was performed and p values less than 0.05 were considered significant. Correlation analysis was conducted for selected variables.
Results
Functional development of respiratory system and cytoarchitecture was studied in isolated rat cardiomyocytes at the ages from 1 day to adult (3 to 6 months).
Growth characteristics of rat cardiomyocytes during postnatal development
Change in body weight of rats at different ages is shown in Fig. 1A . Changes in cell shape during postnatal development of cardiomyocytes are depicted in transmission micrographs in Fig. 1B . At day 3, neonatal cells have round ends, spindle-like shape. Upon 10 days after birth, intracellular structure has become more organized and cell length increased. Alterations in the dimensions of isolated cardiomyocytes were measured from transmission confocal microscopy images (Fig. 1C) . At postnatal day 3, cardiomyocytes were 75.4 ± 2.7 μm in length and 9.6 ± 0.3 μm in width; at postnatal day 10, 90.8 ± 4.5 μm in length and 18.8 ± 1.8 μm in width; and at 2 months, 127.6 ± 3.7 μm in length and 25.0 ± 3.2 μm in width. In comparison with these dimensions (Fig. 1C) and pictures of cardiomyocytes from 3, 10, and 57 day old rats (Fig. 1B) it is clear, that cells grow at first in length and then in width.
Mitochondrial respiration in cardiomyocytes
Developmental changes in following respiration characteristics were studied: basal respiration rate (V 0 , state 4 like respiration rate), maximal respiration rate (V max ADP) in the presence of 2 mM ADP, respiratory control index (RCI) and K app m ADP (Fig. 2) . V max ADP and K app m ADP are rising progressively during postnatal development 
Activities of the respiratory chain complexes
This study is the first to assess the developmental changes in the oxygen consumption for respiratory chain complexes in cardiomyocytes. Different substrates and inhibitors were used at one fixed concentration to analyze developmental changes in the activities of the respiratory chain complexes. Fig. 3A shows the original oxygraph recording from the investigation of the respiratory chain complexes in cardiomyocytes derived from 2-month-old rats. See Materials and methods for more details. Analysis of respiration rates for different respiratory chain complexes are shown in Fig. 3 . At first, basal respiration rate (V 0 , state 4 like respiration rate) was studied with respiratory substrates (glutamate and malate) (Fig. 3B) . This value rose gradually and reached adult like level at the age of 1 month. The functioning of complex I (Fig. 3C) was assessed by stimulating the respiration with 2 mM ADP. The activity of complex I (ADP-simulated respiration) rose gradually with postnatal age as described earlier for V max (Fig. 2) . The values of the RCI, calculated from the respiration rates in Fig. 3B and C, did not significantly change during postnatal development (data not shown) due to concurrent rise in the basal (state 4 like) and maximal respiratory rate values (Fig. 3B,C) .
To analyze changes in the activities of complex I and complex II, respiration was activated by the addition of ADP and succinate (Fig. 3C,D) . Succinate was added after the inhibition of respiration by rotenone. Succinate oxidase activity (complex I dependent respiration) is higher than complex I during the early postnatal period (Fig. 3D ) and reaches adult levels at second postnatal week. This shows the trend in direction of maturation of OXPHOS during postnatal development.
The addition of TMPD (an artificial substrate for complex IV of the respiratory chain) and ascorbate shows the maximal capacity of the respiratory chain (Fig. 3E ). Respiration rates with TMPD reach the values close to those of the adult cardiomyocytes already after 2 weeks of postnatal development.
Mitochondrial creatine kinase function
Next, we examined the developmental expression of MtCK and its efficiency in mediating feed-back signaling with cytosolic ATPases. As developmental expression of myofibrillar CK has been assayed already in numerous previous reports [41] [42] [43] , and rigor tension experiments have evidenced its maximal efficiency in supporting the activity of MgATPases being reached already at 3 days after birth [43] , its role was not further analyzed in the current study. Western blot analysis (see Fig. 4A ) demonstrates that MtCK is present at low levels already at postnatal day 3. However, more pronounced increase is visible around the second postnatal week, when MtCK expression achieves already~60% of its adult level, and increases thereafter up to 21 days, which is in agreement with previously published data [38] .
The activity of MtCK was studied by the addition of ATP and PK-PEP system to the oxygraphy measurements (see Materials and methods for more details). The original oxygraphy recording from MtCK activity is shown in Fig. 4B . At first 2 mM MgATP was added to activate the ATPases and to stimulate thereby mitochondrial respiration by endogenously produced ADP. If Cr (20 mM) is not added to activate MtCK, then addition of PK-PEP system evokes significant decline in the mitochondrial respiration rate due to the rapid rephosphorylation of extramitochondrial ADP (Fig. 4B) . The PK-PEP system traps ADP and is able to reduce respiration rate up to 80%, when the CK system is not activated as already shown earlier for adult cardiomyocytes [53] . At postnatal day 3, stimulatory effect of Cr on mitochondrial respiration is absent and addition of PK/PEP evokes substantial decline in respiration rate (Fig. 4C) . Thus, at early postnatal period creatine mediated feedback signaling is immature. On the other hand, clear activation of MtCK occurs at later stage (Fig. 4C) , when endogenously channeled ADP becomes increasingly less accessible to the PK/PEP system and Cr becomes more capacitative in increasing the respiration rate in the presence of the PK/PEP system. Activation of respiration by Cr activation increased progressively from 14 to 84 postnatal days and become only then equal to adult levels (Fig. 4C) .
Development of intracellular energetic units
To estimate the role of mitochondrial arrangement in maturation of mitochondrial respiration regulation, we immunolabeled mitochondria and Z-lines with antibodies against VDAC and α-actinin, respectively. The alterations in mitochondrial arrangement were assessed by confocal microscopy. Fig. 5A shows confocal micrographs of cardiomyocytes isolated at 8 and 21 days postnatal and adult rat heart. Significant remodeling of mitochondrial arrangement occurred during first postnatal weeks. At postnatal day 3, mitochondria are predominantly clustered around nuclei or irregularly dispersed around the cellular interior, while Z-lines are present primarily at subsarcolemmal areas. At postnatal day 21, mitochondria fill cellular interior more regularly and form parallel arrays within intermyofibrillar space. Thereafter, slight improvements in mitochondrial arrangement appear, mainly in terms of overall uniformity and in density. Thus, major changes in arrangement of mitochondria are completed within 3 postnatal weeks, which is in agreement with earlier electron microscopy observation with mouse heart [43] .
To test if progressive change in the kinetics of mitochondrial respiration regulation by exogenous ADP can be explained by the alterations in location of mitochondria relative to βII-tubulin, we examined their arrangement in the cardiac fibers immunolabelled with antibodies against VDAC and βII-tubulin. Fibers were used instead on isolated cells due to their more homogenous βII-tubulin immunolabeling. Differences between respirometric characteristics of the cardiac fibers and isolated cardiomyocytes are marginal, as confirmed in this study and also shown before [28] . Fig. 5B shows confocal micrographs of cardiomyocytes isolated from 3, 14 and 21 day old and an adult rat hearts. Similar to α-actinin, βII-tubulin localized mainly in the cell periphery at early postnatal developmental stage and is clearly distant from the mitochondria, which are clustered predominantly at the perinuclear areas, as already evidenced above. At 14 postnatal day, βII-tubulin is expanded throughout the cellular interior and displays frequent disjunctions in place of mitochondrial array. Only at 21 postnatal day, alignment of mitochondria along βII-tubulin bundles starts to appear and βII-tubulin becomes more concentrated at intermyofibrillar space. Interestingly, significant accumulation of βII-tubulin to the cell tips was also visible during the first postnatal weeks and distribution of βII-tubulin appeared to follow the expansion of myofibrils. Increase in free tubulin content is found to suppress metabolite influx to the mitochondria in a variety of cancerous and non-cancerous cell lines [22] . To test if developmental decline in the MOM permeability for ADP correlates with an increase in the levels of free βII-tubulin or total β-tubulin protein, we assessed their expression by Western blotting. Surprisingly, βII-tubulin protein level decreased almost 3-fold between 3 and 56 days and while total β-tubulin levels declined as well, it appeared to be less pronounced than for βII-tubulin (Fig. 5C) . A similar observation was previously made on feline heart and reflects presumably their incorporation into stable microtubular network [54] . In addition, we observed an increase in the density of one higher Mw band (~60 kDa) on β-tubulin immunoblot that may correspond to one of its post-translationally modified forms. Nevertheless, these results show that changes in MOM permeability for ADP cannot be explained by the increase in βII-or total β-tubulin levels, which are both decreasing instead.
Additionally, localization of βII-and αIV-tubulin was studied in cardiomyocytes during postnatal development (Fig. 6A) . From these micrographs, it is visible that localization of βII-and αIV-tubulin varies during development. The αIV-tubulin is localized close to the nucleus whereas βII-tubulin is localized in the periphery of cardiomyocytes during early postnatal period. Controversially, βII-and αIV-tubulins are distributed uniformly and in highly organized manner within cellular interior in the adult cardiomyocytes ( Fig. 6A) . Pearson correlation coefficients for colocalization of βII-and αIV-tubulins were calculated. Fig. 6B is demonstrating the correlation between colocalization of tubulin isoforms and K app m ADP in mitochondrial respiration.
Discussion
The results of this study show that during cardiac postnatal development major alterations occur both in the intracellular architecture and The original recording from experiment with competitive PK-PEP system and addition of the creatine at postnatal day 33. (C) Increasing stimulatory effect of creatine on the respiration rate of cardiomyocytes in the presence of 2 mM ATP and competitive PEP-PK-system. V max (ADP) -theoretical maximal respiration rate in the presence of exogenous ADP (see Fig. 2 ). ANOVA test showed that the differences between the relative stimulatory effect of creatine in age groups are statistically important (p b 0.05). Results are means ± SEM. N ≥ 5. in the functional level of energy metabolism. A gradual shift toward oxidative metabolism occurs in parallel with the increase in the cell size. Functional analysis of respiration regulation during postnatal development revealed further alterations in accessibility of exogenous ADP to the mitochondria and in PK/PEP suggesting that spatial positioning of the mitochondria is not the only determinant in the functional maturation of feedback regulation and that interactions with cytoskeletal proteins are probably involved.
Analysis of mitochondrial respiration, activated by ADP, showed that the maximal respiration rate increases continuously in parallel with the basal respiration rate (Figs. 2 and 3C ). This is presumably related to growing volume and density of mitochondria as well as to increasing activity of the respiratory chain segments, as demonstrated in many earlier studies [53, 55, 56] . One of the key regulators of mitochondrial biogenesis in mitochondria rich tissues, such as heart and skeletal muscles, is a transcription coactivator PGC1α (peroxisome proliferator-activated receptor γ coactivator-1α), that is upregulated during heart postnatal period in response to changes in various extra and intracellular signals (e.g. FFA, Ca 2+ , thyroid hormone, insulin, ATP demand, etc.) and stimulates mitochondrial DNA replication and transcription [57, 58] . Its overexpression in myoblasts is shown to increase mRNAs for several genes of OXPHOS pathway [59] and cause dramatic increase in mitochondrial number and size in neonatal heart [60] , explaining thus the observed increase in overall respiratory capacity seen in this study. Since RCI values (data not shown) were not significantly changing during development, it can be concluded that changes in respiratory rates are reflecting quantitative rather than qualitative fine-tuning of OXPHOS.
Interestingly, analysis of activities of the respiratory chain complexes revealed additional stimulatory effect of succinate (a substrate for complex II) on the respiration rate during the first postnatal week (Fig. 3C,D) . Importantly, activity of complex I is markedly higher than that of complex II in adult cardiomyocytes [16, 44, 61] , suggesting that during early postnatal period NAD-linked respiration is deficient. A similar observation has been previously made in HL-1 cells [46, 47] , cancer cells [62] [63] [64] [65] and in the case of cardiac disease [61, 66] . One of the likely reasons for this is the prevalence of glycolysis during early postnatal period that produces reducing equivalents for complex II. After birth, cardiac cells encounter significant changes in their extracellular environment and workload conditions, to which they adapt by shifting gradually toward oxidative metabolism. These adaptations are elicited by decreasing levels of blood lactate and by rise in oxygen and FFA availability, accompanied by changes in various hormonal levels (e.g. thyroid hormone, insulin and glucagon). Immediate rise in blood glucagon levels after birth is shown to promote the increase in myocardial cAMP levels and activates pyruvate kinase A (PKA) [33] . The latter in turn, targets many mitochondrial proteins, including a subunit of complex I encoded by nuclear gene NDUFS4 [67] . In fibroblast and myoblast cultures cAMP dependent phosphorylation of this protein is associated with stimulation of complex I and overall respiration activity with NAD-linked substrates [67] . In addition, genes encoding for complex I subunits are known to respond to thyroid hormone signaling cascade, which is another cardiac mitochondrial biogenesis stimulating pathway activated during physiological heart growth [68] . Our results agree well with these observations and demonstrate that the role of OXPHOS in energy metabolism is progressively increasing during cardiac postnatal development accompanied by the rising importance of complex I linked respiration.
Analysis of Cr-stimulated respiration evidenced a significant enhancement in the efficiency of coupling between MtCK and OXPHOS reactions during postnatal heart development. After 14 postnatal days, Cr starts to elicit marked effect on mitochondrial respiration and becomes increasingly more potent in rescuing from PK/PEP induced inhibition of mitochondrial respiration (Fig. 4C) . Continuous increase in Crstimulated respiration rate is observed up to 3 months postnatal, which might be thus regarded as the time-point when cardiomyocytes reach their full capacity in terms of energy metabolism. Cr exerts its effect on respiration by activating MtCK in IMS, that results in ATP/ADP cycling within mitochondria and prevents thereby the accessibility of endogenous ADP to extramitochondrial PK-PEP system. The observed increase in Cr-sensitive respiration rate during postnatal development shows that mitochondrial respiration inclines progressively toward Cr-based control that is realized through functionally coupled MtCK and OXPHOS reactions. The existence of such coupling in adult cardiac cells has been experimentally proven and described [48] . Piquereau et al. also claimed, based on electron microscopy and functional analysis, that organization of mitochondria in mouse cardiac cells is almost completed within 21 days postnatal while maturation of energy transfer from mitochondria to cytosolic ATPases continues to improve until the age of 2 months [43] .
Previous studies have shown that the efficiency of metabolic feedback signaling between mitochondria and cytosolic ATP-ases over CK transfer system is significantly influenced by the arrangement of mitochondria [13] . Experiments with trypsin treated adult cardiomyocytes demonstrated that mitochondrial and cytoskeleton disorganization results in manifold increase in the respiratory affinity for ADP and cause pronounced decline in the efficiency of coupling between MtCK reaction and OXPHOS, as shown by PK-PEP test [69] . Our results here agree with these findings by demonstrating that the fidelity of metabolic feedback between mitochondria and cytosolic ATP-ases is improving in liaison with mitochondria localization relative to myofibrils and also to βII-tubulin. During early postnatal period, mitochondria are randomly clustered within the cytoplasm, distant from βII-tubulin, and most of the endogenously channeled ADP is accessible then to the PK/PEP system (Fig. 4C) . Obviously, part of this accessibility is related to MtCK expression levels, which are relatively low at that time. Still, the notion that PK/PEP induced respiration inhibition is rescued by Cr much later than adult-like MtCK expression is achieved. This suggests clearly that additional cellular factors, such as mitochondrial localization and establishment of contacts between mitochondrial and cytoskeletal structures, are important for the maturation of this system (Fig. 4C) .
Interestingly, the formation of diffusion restrictions for ADP showed rather slow maturation time, with K app m ADP values increasing gradually up to the age of 2 months (Fig. 2) . However, some diffusion restrictions for ADP were clearly present already after birth, because the value of the K app m ADP at postnatal day 3 was already higher than in isolated adult cardiac mitochondria (i.e. 15-20 μM) [70] . Significant change in this value was observed, at second postnatal week when increase in MtCK expression level (Fig. 4A ) and activity were observed (Fig. 4C) . As MtCK localizes within the IMS, it is plausible that its accumulation into mitochondria may partly contribute to the changes in permeability of MOM for ADP. Still the main factor known to influence the diffusion restrictions for ADP, is mitochondrial-cytoskeletal interactions and binding of tubulin to VDAC [18, 19] .
Confocal microscopy analysis showed that during the first postnatal weeks, βII-tubulin distribution follows the myofibrillar expansion and is relatively independent from mitochondrial arrangement. However, after 3 postnatal weeks mitochondria start to align along the bundles βII-tubulin, accompanied by pronounced shift in K app m ADP of mitochondrial respiration and in improvement of Cr-mediated phosphotransfer. Concurrently, gradual decline also in free βII-tubulin levels is seen, as shown by Western blot analysis (Fig. 5A) , pointing that availability of free βII-tubulin or total β-tubulin itself is not the determinant in regulation of VDAC permeability during heart development. According to the observation made by Narishige et al., decline in soluble βII-tubulin and total β-tubulin levels during heart development manifests tubulin stabilization and incorporation into stable microtubular lattice [54] . As microtubules represent the main tracks for subcellular mitochondrial distribution in upper eukaryotes, reconfiguration and stabilization of βII-tubulin may instead serve to promote the compartment-specific localization and docking of mitochondria in the vicinity of main energy consumption sites, contributing thereby to the establishment of ICEU.
Whether the trafficking of mitochondria at the level A-band within intermyofibrillar space is a necessary prerequisite for regulation of mitochondrial ADP sensitivity by the local pool of non-assembled βII-tubulin, was not revealed in this study. Obviously decline in βII-tubulin level cannot be accounted for increased diffusion restrictions for ADP of mitochondria and implicates that the regulation of VDAC closure encompasses either additional mechanisms or other binding partners. One of the plausible mechanisms may be that tubulin binding is related to certain VDAC isoforms, more abundantly expressed in later developmental stage. Evidence that different VDAC isoforms display distinct permeability characteristics have been received in studies with yeast and in VDAC deficient mice [23, 71, 72] . Additionally, modulation of VDAC phosphorylation could determine the extent of tubulin binding and explain the progressive decline in mitochondrial respiration affinity for ADP. For example, phosphorylation of VDAC by glycogen synthase kinase 3 beta (GSK3beta) or cAMP protein kinase, is shown to promote tubulin binding to VDAC and induce reduction in mitochondrial inner membrane potential [18, 73] . This needs further study in the future.
Colocalization of βII-and αIV-tubulin isoforms (Fig. 6A ) gradually rises during development and distribution of these isoforms is similar to the arrangement of mitochondria at 23 postnatal day. Existing correlation between K app m ADP of mitochondrial respiration and Pearson's coefficients for colocalization of tubulin isoforms might show the involvement of these proteins in the arrangement of mitochondria into the ICEU or involvement in the regulation of the permeability of MOM via binding to the VDAC channel. But this hypothesis about the role of βII-and αIV-tubulin in regulation of mitochondrial respiration needs further investigation in rat cardiomyocytes. Moreover, the role of α-tubulins in regulation of energy metabolism is still totally unknown. According to some recent theories, it could be C-terminal tail of α-tubulin that interact with the VDAC lumen decreasing its permeability for anions, while that of β-tubulin binds to VDAC binding site situated on the cytosolic face [18, 74, 75] . Further studies are needed to determine the interactions between mitochondria and βII-tubulin/αIV-tubulin and to elucidate which other cytoskeletal proteins are involved in regulation of mitochondrial respiration.
Altogether these results show that diffusion restrictions for adenine nucleotides and coupling of MtCK reaction with OXPHOS is dependent on the positioning of mitochondria in the vicinity of myofibrillar ATPases, establishment of interaction between mitochondria and cytoskeletal proteins, and upregulation of MtCK [11, 76] . Future studies need to address whether developmental decrease in MOM permeability in cardiomyocytes for ADP is related to the direct binding of tubulin to VDAC as a result of changes in VDAC phosphorylation level or isoform distribution.
Conclusions
Results of this study show that energy metabolism is mature at the level of OXPHOS much earlier than maturation of MtCK mediated feedback regulation and intracellular architecture occurs. We found that mitochondrial respiration affinity for ADP gradually decreases (K app m ADP rises from 75 to 300 μM) during development of cardiomyocytes. At the same time MtCK becomes progressively more capacitative in mediating the feedback signal between cytosolic ATPases and mitochondria. These functional alterations are accompanied by major changes in the arrangement of mitochondria relative to myofibrils and to the localization of cytoskeletal proteins and reconfiguration of βII-and αIV-tubulin subcellular arrangement. This shows the possible importance of cytoskeletal interactions with mitochondria in maturation of cardiac energy metabolism. These results highlight that functional maturity on the level of MtCK and mitochondrial respiration regulation is achieved after the maturation of intracellular architecture. This supports a model where energy metabolism is directly linked to the highly organized intracellular architecture in cardiomyocytes. In conclusion, rat heart is structurally and metabolically mature at the age of 3 month, when ICEU is fully formed and MtCK is active and forming microcompartmentation for production of PCr.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.bbabio.2014.03.015.
